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Abstract—A derivative of orthogonal frequency division mul-
tiplexing (OFDM) based on offset quadrature amplitude mod-
ulation, OFDM/OQAM, is among the waveform contenders for
future wireless networks. Focusing on multiuser scenarios, i.e.
uplink of a multiple access system, we propose an improved joint
estimation method for carrier frequency offset, sampling time
offset and channel impulse response needed for the practical
application of OFDM/OQAM. The proposed method offers a
pilot-based maximum-likelihood (ML) estimation of the unknown
parameters in multiuser OFDM/OQAM systems. Formulation of
the estimator is based on the splitting of each received pilot
symbol into contributions from surrounding pilot symbols, non-
pilot symbols, additive noise and multiuser interference. The
proposed estimator is compared with a highly cited previous
work of the same focus where the improvements in the results
indicate the superiority of the former.

I. INTRODUCTION

Multicarrier modulation (MCM) techniques have been
preferred over single carrier methods in the majority of the
current wireless communication standards. This is indeed due
to the several advantages they offer, among which, the ease of
equalization in frequency selective environment is prominent.
Orthogonal frequency division multiplexing (OFDM), as the
most established form of MCM, has been largely studied
and adopted in many wireless and wireline standards [1],
[2]. Nevertheless, in recent years, a variant of OFDM based
on offset quadrature amplitude modulation (OFDM/OQAM)
has attracted much research attention. This is due to its
several benefits over conventional OFDM, including higher
spectral efficiency and reduced sensitivity to timing and fre-
quency mismatch [3]. However, for successful application
of OFDM/OQAM in practical systems in the future, accu-
rate carrier frequency and timing synchronization along with
channel estimation (for the purpose of equalization) remain
imperative. Since in practical scenarios, the required training
symbol overhead is usually tolerated, our focus here is on
pilot-based synchronization and channel estimation.

Despite the relative abundance of literature for estima-
tion of carrier frequency offset (CFO), sampling time off-
set (STO) or channel impulse response (CIR) in single-user
OFDDM/OQAM, the multiuser case has received very limited
attention. This is in spite of the fact that estimation of the
aforementioned parameters in a multiuser scenario seems cru-
cial, assuming that, similar to the current standards, multiple
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access on a shared transmultiplexer (e.g. in the uplink) will
continue to exist in the future generations of communication
systems. One of the few works on parameter estimation in
multiuser OFDM/OQAM is presented in [4], proposing an ML
symbol timing estimator derived by using two training symbols
per burst transmission. The authors investigate the effect of
different types of subcarrier allocation to different users, i.e.
blockwise and interleaved allocations. In [5], they incorporate
the CFO estimation to their timing estimator. In [6], the
authors propose estimating the CFO using the correlation of
the received pilot symbols in frequency domain (i.e. based on
the filter bank outputs) and include STO estimation based on
maximizing the energy across subcarriers for the desired user.

In [7], we developed a joint pilot-based ML estimator
of the CFO, STO and CIR in single-user OFDM/OQAM
systems. Herein, we extend our estimator to multiuser sce-
narios. We also deploy the real orthogonality principle of
OFDM/OQAM systems. As such, the current work proposes
an improved pilot-based joint ML estimation method of the
CFO, STO and CIR in multiuser OFDM/OQAM systems built
upon the assumption of Gaussian noise and independent input
symbols. In addition, the problem is formulated by splitting
the interference to a received pilot to contributions from
subband noise, surrounding data-bearing symbols and mul-
tiuser interference. By investigating the statistical properties
of the aforementioned interference terms, the ML estimator is
obtained. Simulation results for different subcarrier allocation
schemes and burst types show the superior performance of the
proposed method as compared to a highly cited previous work
of the same focus as benchmark.

In Section II, first the OFDM/OQAM system model, as
adopted in this work, is presented. Next, this generic system
model is modified to represent a multiuser scenario where
multiple users share one transmultiplexer. In Section III, the
multiuser estimator is derived, based on the aforementioned
assumptions, by observing and analyzing the statistical prop-
erties of the interference terms. Simulation results are depicted
and discussed in Section IV comparing the proposed method.
Section V concludes this paper.

II. SYSTEM MODEL

In this section, we first review the generic OFDM/OQAM
system model as implemented in this work. Next, we present
the essential modifications to the system model for a multiuser
scenario where different users share one OFDM/OQAM trans-
multiplexer.
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A. Single-user OFDM/OQAM System Model

The OFDM/OQAM system model, adopted in this work,
makes use of a specific filter bank structure where the up-
sampling and downsampling factor equals half the number of
subcarriers, denoted by M (see [8] Fig. 1). At each input
symbol time, with symbol duration 7§, a vector of discrete
input symbols is loaded on the M available subcarriers. The
latter are separated in frequency by Fy = 1/7%, so that the
system occupies a total bandwidth of W = M Fj.

On the transmitter side, let z;, , € A denote the complex
valued input symbols, where k& € {0,1,...,M — 1} is the
subcarrier index, n € Z is the symbol time index, and A is the
digital constellation from which the symbols are drawn. In the
first stage of pre-processing, each x, ,, is converted to a pair of
real symbols, dj, ,,, according to equations (2)-(3) in [8]. This
complex-to-real (C2R) operation doubles the sampling rate
of the subcarrier signals. The second stage of pre-processing
involves multiplication of the real OQAM symbols, dj, ., by
the sequence 0, = e/3(*+7) which results in complex
symbols

S = dionBhon = diene’ 2ET e

It is notable that the OQAM symbol duration is 7Ts/2, i.e.
one half of the input symbol duration. Next, in the synthesis
filter bank (SFB), the input subcarrier signals sy ,, are first
upsampled by M /2, and then passed through synthesis filters
with finite impulse responses (FIR) fi[m] of length L, and
corresponding system functions Fj(z) = Z,Lnfol fr [m]z‘m
Finally, the individual filter outputs are added together to form
the baseband output y[ ] as follows,

Zzsknfk[m——] @)

k=0 n€eZ

On the receiver side, let g[m| denote the received baseband
signal after transmission through the noisy channel. In the
analysis filter bank (AFB), signal g[m] is passed through the
analysis filters with FIR gj[m] of length L,, and corresponding
system functions! Gj(z) = Z?n:—Lp-H gr[m]z~™, whose
outputs are downsampled by M /2 afterwards. The resulting
symbols at the output of the AFB can be represented as

Sen= > dlmloc["2E — m] 3

—m

m=—0o0

where the range of summation over m is determined by the
finite support of the subband FIR filters. The symbols 5y, ,, then
pass through the first post-processing stage, which involves
multiplication by the sequence 6, followed by taking the
real part, i.e.,

din = R[50 07 ) = Rlspn e/ 5] “)

The second post-processing stage is the real-to-complex (R2C)
conversion, where two consecutive real valued symbols are
combined into a complex one as in equation (7) in [8]. We
consider a complex-valued, uniform modulated filter bank,
where the subchannel filters are all generated from a com-
mon low-pass prototype filter, p[m], by means of exponential
modulation as follows,

folm] = plm]e? 5™ | gi[m] = fi[-m], )

IFor convenience in our analysis, G, (z) is assumed non-causal; although,
in practice, causality can be restored simply by introducing an appropriate
delay in the receiver.

Channels

Data
User 1

- Hl (Z)

Noise

i i i D4 Receiver BS
Data
User U p

R

Fig. 1: Uplink transmissions in multiuser systems
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where k& € {0,1,....M — 1}. The prototype filter used
in this work, known as PHYDYAS filter, is a near perfect
reconstruction (NPR), real-valued linear phase (symmetric)
FIR low-pass filter with length L, and support region m &
{0,1,...,L, — 1}. It is derived by using the frequency
sampling technique, as in [8], with overlap factor K = 4.
Since the prototype filter is linear-phase, the overall processing
delay of the complete OFDM/OQAM transceiver system will
be L,T,/M. By using the paraconjugates of the synthesis
filters as the analysis filters in the receiver, as specified in
(5), the orthogonality condition of the transceiver system can
be expressed as

{0701 ka m— "2 o — M b8

2
(6)
where 6 denotes the Kronecker delta function?.

B. System Model Modification for a Multiuser Scenario

As depicted in Fig. 1, we consider a multiuser scenario
where, in the uplink of a multiple access system, users 1 to U
transmit their pilot and data symbols over the channel to the
same base station. We assume the users are not necessarily
experiencing identical CFO, STO and CIR and that the afore-
mentioned parameters for different users are decoupled from
one another. To employ the proposed OFDM/OQAM system
in a multiuser scenario, as depicted in Fig. 2, the necessary
modification is to consider the relevant subcarriers or samples
associated with the desired user. Specifically, we denote by
S, the set of subcarrier indexes allocated to the wuth user.
The cardinal of this set |S,| represents the total number of
subcarriers allocated to this user. Hence, the transmitter output
signal of associated with this user at discrete time mTy/M, is

given by
M
= > stafim— =] @)

k€S, n

where the subscripts and superscripts u indicate that the
quantity (e.g. the symbol or the filter) is associated with the
uth user.

Assuming that during a time interval equal to the pro-
cessing delay of the transceiver system (i.e. L,T/M) the
transmission channel of the uth user can be modeled as a
linear time-invariant system with FIR h,[l] of length @ and
corresponding transfer function H,(z) = le?)l hy[l]z71, in

2In [7], to simplify the derivation of the joint ML estimator, complex
orthogonality of the analysis/synthesis filters is assumed. Since in practical
OFDM/OQAM systems, these filters only need satisfy a weaker real orthog-
onality condition, the resulting joint estimator is sub-optimal.
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Fig. 2: Transceiver chain of the uth user in a multiuser OFDM/OQAM system
with CFO, STO and channel estimation and compensation

the presence of CFO and STO the received signal from the
uth user can be modeled as

Q-1
Gu[m] = e J2miEm Z ha[m]yu[m — 1 — 7] 8)
1=0

where i, is the normalized CFO of user u with respect to
the subcarrier spacing F; whereas 7, is their normalized STO
with respect to the OQAM symbol duration 7% /2 .

The received baseband signal 7[m] can be expressed as
[91,
Y [m] + n[m)] ©)
where 7, [m] represents the contribution of the user of interest

u to the received signal, 7MUY [m] represents the contribution
from other users, and n[m] denotes the additive white Gaussian

glm] = gum] + g’

2
noise (AWGN) with zero mean and variance E{|n[m]|*} = 02—"
(where E{.} denotes statistical expectation), which is assumed
statistically independent from the input data. The contribution
from other users can be written as the summation of the
received signals associated with other users as shown in the

following equation, .
g ml = >4l

v;:éu

(10)

where U and v denote the number of users and the user index
respectively.

III. MULTIUSER ESTIMATION

A. Received Symbols and Interference Terms

The received signal g[m| is passed through the analysis
filter bank (AFB) and downsampled by M /2. Hence, the
reconstructed signal for the kth subcarrier of the uth user can
be written as

- . M
B = RO 510} = R0, D plmlgi 5= —ml . )

For clarity in the presentation, we define d}} , = dk ; that is,
the transmitted data symbols (i.e., non- pllot) correspondlng to
the desired user u are denoted as d¢ n Where k € Sy. As
well, we note that in d ,, we have (k: n) ¢ Py, where P,
represents the set Contalnmg all time-frequency locations of
the pilots associated with user u. These symbols, unknown
to the receiver, are modeled as independent and identically

distributed (i.i.d.) random variables with zero-mean and vari-
ance éa Slmllarly, the corresponding received symbols are
denoted as d

For the recelved pilot at subcarrier £ and time index n,

associated with the uth user, altering di* , to d% . we have *

d = Cho G+ R 4 T (12)

where C,f ,, and (g ,, respectively denote the contributions from
surrounding pilots and data, 1/1 U stands for the ‘multiple
access interference’ (MAI), and 71k n represents the additive
noise (i.e. the contribution from n[m ]) passed through the AFB
and the first post-processing stage, as given by

o0

) B E)

Mhn = 9%{9}:; > alml gil=- —m

From (1), (5), (7)—-(9), (11) and (12) the pilot contribution can
be expressed as

= % Zh DAk (s s 7) } (14)

where the term X n(l, p, 7,) represents the contribution from

all the pilot symbols to the received pilot symbol dk ,,» affected
by the [th channel coefficient as glven by
S\k,n(la,uua Tu) = Z dp/ 71/'7k n (l /J,U,Tu) (15)
(k') EP
k'n' u* n' M
Vk,n (L pus Tu) = 0 05 n/ka/ =Ty T]
. nM ) m
u e —g2mm B
T [m 5 ] M
(16)

The complex factor ’Ykn (l fus Ty), called the ‘ambiguity
function’, characterizes the interference level of the n/th input
sample from the k’th subband (belonging to user w) on the
nth output sample of the kth subband (belonging to the same
user), in the presence of CFO with magnitude p, and STO,
Tu, affected by the [th coefficient of the channel between this
user and the base station.

3For notational convenience, hereafter, we shall drop the superscripts and
subscripts u for all the quantities except for the subcarrier filters f*[.] and
g}: [.], the sequences 9 and 9% e and the parameters under estimation, 7,
fhy, and Py,
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Similarly, from (1), (5), (7)—=(9), (11) and (12) the data
contribution from the same user, which in the present context
can be interpreted as “data interference”, can be expressed as

o= 3 b, AR{Zh e )} A7)

(kl n/)¢73u

Finally, from (11) and (12), the total contribution to the
received pilot of user u at time-frequency location (k, n), df, .,
from other users’ transmitted symbols (pilot and data), is given

by
ZyMU g M —m]} (18)

Based on the foregoing assumption on additive noise in (9)
and the orthogonality condition for the subcarrier filters in
(6) we can show that the subcarrier noise symbols 7y, ,, are

normally distributed with zero mean and covariance of
2

g,
E{nk,nnk’,n’} = gékk’énn’ . (19)

In addition, if we model the input signals from the interfering
users, ie. xp , for all v # u and k € S, as mdependent
zero-mean white data sequences with variance o2, it follows
from (1), (7)—(10) and (18) that the multiuser mterference term
wg{? is the sum of a large number of independent random
contributions; thus, based on the central limit theorem [10], it
can be approximated as a normally distributed random variable
with zero mean. Hence, we assume that this term can be
modeled as a white noise sequence, i.e. with covariance

E{Qpt Y pt s} = 07 Ok O (20)

where o is the corresponding variance. Numerical simu-
lations have been performed to verify the validity of this
assumption. In practice, the variance U@Qz; can be obtained based
on the measurements of multiuser interference power.

In view of the assumptions made above on df ., we
note that the expression (17) involves the weighted sum of
a large number of statistically independent, zero-mean terms
dg/m,. Hence, invoking the central limit theorem, we shall
assume that Cg’n in (17) can be modeled as a zero-mean (real-
valued) Gaussian random process. In addition, under mild
assumptions usually satisfied in practice, it can be shown that
the random variables ({! ., (for different pairs (k, n)) are nearly
uncorrelated. Specifically, we can show that

2

2
E{G G} & =5 O @
where
2
2 _ Oy 2
Ucd_jw %Pm{Zh M U, m) D2, (22)

From (12), (19)~(21) by introducing vy, = ¢, + MV +
Nk,» and assuming that the data and the additive noise are
statistically independent, it follows that the terms vy, are
independent Cjaussian random variables with variance o2 =

02—". Finally, by substituting vy, ,, in (12) we have
A = Chop F Vkn (23)

which provides a convenient basis for the derivation of the
coveted ML estimator.

O’?d + O’?p —+

Frequency
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- allocation o User 1
7 i T
ocaton [ vers
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Fig. 3: Allocation schemes with U = 4 users over M = 16
subcarriers
B. Estimator Derivation
Focusing on the pilot contribution in (14), we have
¢, =%»{ Z Pl s 7) 24)
Q-1
n (s oy Tu) = B[N o (L s 7)) 5 (25)
1:0

where the superscripts R and [ are used to identify the real and
imaginary parts of the underlying quantity. Hence, by letting

)‘llj,n(:uu’ Tu) = [S‘kR,n(OaﬂuvTu)’ SRR S‘kR,n(Q - LﬂuaT’u)] )
)‘é,n(ﬂua Tu) = P‘i,n(ov Mo Tu)a ceey )\é,n(Q =1, pus, Tu)] ,

we can obtain the relationship between the received symbol
and the channel taps as

R

h
R I /
Ckz,)n = [Ak,n,(uuﬂ—u) )‘k’”('u“’T“)szQ [ hl}‘| . (26)
vdoQx1
By stacking dk s Aﬁn(uu,Tu) and )\é’n(uuﬁu), and vy,
over the time index n and then over the frequency index k,
we arrive at the following matrix-vector equation

—p R I hfj
[D :|N «1 {A (b Tu) A (”“’Tu)} ~h!
’
A (psT0) Npx2Q h"  2Qx1
N [V] . 27
Npx1

where N, represents the number of pilots. As a result of
the AWGN assumption and the ensuing assumptions on the
noise and interference terms 7y, ¥V and (I, V is a
real Gaussian random vector with zero mean and a nearly
diagonal covariance matrix C'yy = E[VVT] ~ 021 Similarly,
for given values of p,, 7, and h, the observation DP is
also a Gaussian random vector with mean A’(j,,7,)h’ and
covariance Cpr ~ o21. Hence, the probability density
function (PDF) of DP can be presented as

_ "y — !
A N (L rrapey

L = T -1
exp [— §(Dp — A (7)) C 50

(28)

(Dp - A,(l‘uv Tu)h/)

Thus, the log-likelihood function (LLF) is written, up to a
constant, as
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L(DP; iy, 7, ') = log(f(DP; iy, 70, b)) (29)
1 _
= _E[Dp - AI(NuvTu)h/]T

[Dp - A,(Nm Tu)h/}

The joint ML estimators of the CFO, CIR and STO can be
obtained by maximizing the derived LLF with respect to the
parameters ji,,, 7, and h’. Let the search parameters for CFO
and STO be denoted by f,, and 7,. By fixing i, and 7, and
varying h’ in C?@, the LLF achieves its maximum at

W (pty, ) = A (jt, 7,) T DP (30)

where A,(MuaTu)T = (Al(ﬂuvTu)TA,(,uu’Tu))_lAl(MuvTu)T
is the pseudo-inverse of A’(y,,7,). By substituting the
resulting channel guess of (30) into the LLF we can obtain
the CFO and STO estimates using a two-dimensional search
according to

(fu, 7u) = argmax L(DP; fiy, T, ') (31

(frwsTu)

The ML estimate of the CIR can be obtained by substituting
the estimates (fi,, 7., ), resulting in*.

W =W (i, 7)) = A (fiy, 7) T DP (32)
IV. SIMULATION SETUP AND RESULTS

To evaluate the performance of the proposed estima-
tor in a multiuser scenario, we compare the estimation re-
sults with one of the few works on multiuser estimation
for OFDM/OQAM systems, i.e. [5]. For both methods, an
OFDM/OQAM transceiver with 1024 subcarriers have been
implemented where 256 subcarriers are assigned to each user
in two different subcarrier allocation schemes with no dropped
subcarrier, i.e. blockwise allocation and interleaved allocation.
This is depicted in Fig. 3. Furthermore, in the evaluation
of the proposed estimator, in addition to the preamble-data
burst transmission mode, a scattered pilot-data mode is also
simulated where both burst modes share an identical data rate.
Each user experiences an independent CFO, STO and CIR.
In each preamble-data burst, a preamble consisting of 4 input
symbols, followed by 24 data symbols is used in both methods.
root-mean-squared error (RMSE) results of CFO, STO and
CIR estimation have been averaged over all the users. To this
goal, while the SNR-per-bit value of the desired user varied
from 0 to 20 dB, the other three users experienced a fixed
value of 20 dB. To obtain the RMSE error of CFO estimation,
the STO of all users is fixed at 2.5% of T, while they
experience different CFOs randomly chosen from the interval
[-Fs/4 Fg/4]. As for the RMSE error of STO estimation,
the CFO of all users is fixed at 5% of subcarrier spacing
while they experience different STO randomly chosen in the
interval [T, /4 Ts/4]. It is assumed that the users experience
independent frequency selective wireless channel multipath
channels, all realized based on the ITU-Vehicular A [11] with
(@@ = 8 randomly generated coefficients h,,[l] with Rayleigh
distribution where the 5th and the 7th tap are set to zero and the

4To reduce the computational complexity of the algorithm, two simplifica-
tions are added to the computation of Ay, ,, (, ptw, 7o) in (27); the first based
on the phase relationship between the filters at different subchannels and the
second based on neglecting the subcarriers beyond +2. In addition, to make
the two-dimensional search for CFO and STO more practical, only the first
3 channel taps, i.e. those with greatest contributions, are considered in the
computation of the RHS of (24).
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Fig. 4: Comparative multiuser RMSE of CFO estimation
versus input Ej/Ny in presence of STO and Rayleigh
channel

other taps follow the power profile [0, —1, —9, —10, —15, —20]
in dB. The channel is constant during the transmission of a
burst but changes over different transmissions.

In coded BER simulation results, both the CFO and STO
of all the users are randomly chosen in the intervals mentioned
above. These are then estimated and compensated for all
the users. The channel is, however, considered known and
perfectly equalized at the receiver since the benchmark method
does not include channel estimation. To obtain BER that
are more representative of a practical digital communications
system, a punctured convolutional channel coding scheme
is applied to the information sequence with the overall rate
of 2/3 by using constraint lengths vector [5 4] and vector
of function generators [23 35 0; 0 5 13]. The RMSE
estimation results of CFO and STO, in [5], are obtained in
the absence of the other impairment whereas, in this work,
the other impairment is always present. Another modification
in our implementation of [5] is the aforementioned 8-tap
multipath channel used in our work as opposed to the 6-
tap channel therein. The third adjustment is the use of a 4-
symbol preamble rather than a 1-symbol preamble. The other
parameters, including the prototype filter used are adopted as
identical to the paper.

Fig. 4 depicts the multiuser CFO estimation results of the
proposed method as compared to [5]. In this figure, the RMSE
estimation errors of the two methods with respect to Ej /Ny
are compared for two different pilot distributions schemes, in
the proposed method, and two subcarrier allocation schemes
in both methods. As can be seen, the proposed method
outperforms the benchmark in all the configurations. More
specifically, the lowest RMSE error belongs to the proposed
method in preamble-data distribution when the subcarriers are
blockwise allocated to the four users. The figure suggests that
the scattered-blockwise configuration slightly surpasses the
scattered-interleaved configuration since the interleaved sub-
carrier allocation enhances the multiuser interference. How-
ever, the scattered-interleaved configuration renders slightly
less error as compared to the preamble-interleaved configu-
ration. In an interleaved allocation, this can be viewed due to
the higher mutual interference of pilots of different users in
the preamble-data type of burst as compared to the scattered
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Fig. 7: Comparative BER versus input Ej, /Ny in presence
of CFO, STO and Rayleigh channel

burst.

In Fig. 5, the multiuser RMSE error of STO estimation
is illustrated. The figure shows that, except for the method in
[5] with the interleaved allocation, the other implementations
do not significantly vary with Ej,/Ny. In addition, in all con-
figurations, the proposed method offers lower STO estimation
error than those of [5]. Our simulation results show that, in

Fig. 4 and 5, the RMSE will plateau to an error floor above
that of the proposed methods, which is expected given the
assumption made on the noise and data interference terms.

Fig. 6 depicts the simulation results of CIR estimation
versus input Fj, /Ny in presence of CFO and STO for the
proposed method in different configurations. As can be seen,
the same trend is maintained between different configurations.
No channel estimation is reported in the existing literature for
the multiuser case.

Finally, Fig. 7 illustrates the multiuser coded BER simu-
lation result of the two methods versus input E}, /Ny in the
presence of the CFO and STO estimation and compensation
as well as a perfectly equalized multipath fading channel. In
this figure, similarly, the superior performance of the proposed
method is observable as compared to that of [5].

V. CONCLUSION

A new general pilot-based ML joint estimation method
for multiuser OFDM/OQAM systems has been developed
and evaluated. The CFO, STO and CIR effects have been
jointly estimated. Performance evaluation has been carried out
through comparison with a highly-cited method among the few
research papers of the same focus. Two subcarrier allocation
schemes, namely blockwise and interleaved, and two different
transmission modes, i.e. preamble-data and scattered pilots
have been considered. The results have shown the significant
improvement that the proposed method offers with both sub-
carrier allocation schemes. As it was observed, the proposed
estimator, especially when used in a preamble-data setup with
blockwise allocation, can robustly estimate the CFO, STO
and CIR. In addition, the BER and RMSE curves indicate
superiority of the blockwise subcarrier allocation compared to
the interleaved one.
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